During geologic carbon sequestration, the long term movement and migration of CO2 occurring far from the wells, is majorly controlled by the interplay between buoyancy and capillary forces. Geological heterogeneity, which is well known to affect the fluid flow in the subsurface, becomes an even more pronounced influence in capillary dominated flows. In such cases, core-flooding and numerical experiments have shown that capillary pressure contrasts due to small scale heterogeneities can affect the flow path of the invading CO2 resulting in back filling and accumulation beneath capillary barriers. In this work, we investigate the impact of small-scale heterogeneity on CO2 trapping capacity by simulating the migration of CO2 through nature mimicking high resolution geological domains. Realistic sedimentary 3D models to be used as flow domains are generated for 4 common fluvial clastic facies with accurately represented bedform morphology. The models are populated with petrophysical parameters representative of sandstone lithologies with different grain sizes and sorting. A modified invasion percolation simulator is employed to enable the use of high resolution models and capture the relevant flow physics. Results from these simulations provide insight into how the saturation aka the storage capacity is a non-linear function of the capillary contrast, which suggests some predictive ability is achievable from common sedimentological descriptors.
Main text
Quantifying the formation saturation of injected CO2 for long term storage is essential for estimating storage efficiencies (capacity) and ensuring the integrity of sub-surface storage (post-injection migration). Recent laboratory observations [1, 2] , numerical simulations [3] [4] [5] [6] [7] [8] and field demonstration projects [9] have highlighted the role of small scale heterogeneity (cm to m scale) on upward migration and distribution of buoyant CO2. Such heterogeneities at the depositional scale, which are typically poorly represented in reservoir simulations for oil recovery, have gained attention due to the principally different forces in action during CO2 storage. The influence of rock heterogeneity due to depositional processes can be significant on immiscible flow dynamics [10] , and simulations that ignore them have the potential to be quite misleading with regard to final saturations [3] and therefore ultimate storage capacity. The scale of heterogeneity that needs to be accounted in for CCS is significantly smaller than for conventional simulation of hydrocarbon recovery. Capturing such fine details of sedimentary fabrics is challenging in typical numerical reservoir models considering the immense computational cost and time.
In this work we present a quantitative and qualitative analysis of the effect of small scale depositional heterogeneity on CO2 flow dynamics and capillary-trapped saturations. Moving away from stochastically generated and coarsely gridded reservoir models, we utilize novel, extremely high resolution, geologically realistic 3D flow fields and simulate CO2 migration using a reduced physics model (modified invasion percolation) that efficiently captures the relevant flow physics under consideration. Our conceptual model relies on the assumption that for post-injection, downstream from well scenarios, the multiphase flow can be considered to be at capillary equilibrium, reducing the problem to a static balance between capillary and buoyancy forces. The main objective of this work is developing a predictive model for CO2 capacity estimation based on a comprehensive, yet simplified, set of geological models resembling a range of fluvial facies. These models are unique in regard to their geological realism and permit evaluation of the impact of sub-meter scale capillary heterogeneity on buoyant fluid flow scenarios that are relevant to the long term behavior of CO2 plume migration through sedimentary reservoirs and aquifers.
Invasion Percolation
Having emphasized in the previous section, the importance of representing small scale heterogeneity while evaluating the potential of capillary trapping during long term CO2 migration, in this work we adopt a simulation method, Modified invasion Percolation, that enables accounting for geological features at the relevant scales and at the same time captures the interplay between buoyancy and capillary forces. Invasion percolation is a quasi-static technique that was developed to model the slow immiscible displacement of one fluid by another fluid in a porous medium in the absence of viscous forces [11] .The major advantage of IP is that it is a reduced physics technique which neglects pressure driven flow and only considers the balance between capillary and buoyancy forces. IP models fluid invasion where the pore scale flow is represented as discrete jumps. The algorithms to compute the discrete jumps and the next position of the fluid are unlike those utilized by conventional full physics reservoir flow simulators where transport equations for each phase are coupled and solved for each time and spatial step. Instead the IP algorithm models the dynamic growth process in a time free series of steps where at each step the interface is advanced to the point of least resistance (smallest pore for example when oil is displaced by water). This makes the IP computational scheme highly efficient and fast compared to full physics simulators. Modified Invasion Percolation is an extension of the IP algorithm which accounts for fragmentation/snap-off and where the lattice sites/cells are modeled as a macroscopic domain with averaged capillary entry pressures instead of as a single pore. MIP and IP have been successfully used to model capillary and buoyancy driven processes like secondary hydro carbon migration [12] , DNAPL leak and transport during groundwater contamination [13] and more recently CO2 migration [14] . MIP has emerged as an alternative to conventional full physics computational techniques for simulating CO2 migratory flows [9, 15] , far field from the injection sites where gravity and capillary forces dominate as discussed in the previous section.
Geologic Models
In this work we focus on understanding the influence of stratigraphic heterogeneity at the sub-meter scale on the trapping of CO2 for different types of sedimentary architectures. For the purposes of this research, heterogeneity is considered to be composed of a lithological component and a fabric component. The lithological component relates to grain sizes, and specifically to contrasts in grain size between depositional laminae (typically finer-grained; baffles) and the matrix; which is a function of the magnitude and variability of energy during deposition. The fabric component relates to the depositional organization of the laminae, typically described as ripples, etc., and depends on the flow regime of deposition. To adequately represent 3D heterogeneity, we present numerical models that combine a deterministic bedform architecture component mimicking realistic crossbedding geometries with stochastic variability of petrophysical properties. Forward modelling techniques are used to generate bedform architecture models at scales large enough to capture the representative elementary volume, but at resolutions that far exceed the computational capability of typical multiphase flow simulators (i.e. tens of millions of cells in cubic meters of material). We modify and extend an existing process based numerical scheme [16] to realize a range of 3D depositional architectures at a range of relevant depositional volumes (m3 to 10's m3), which are then converted to high resolution gridded binary volumes. The binary 3-D models generated are made up of bottomset laminae (fine grained; henceforth called lamina) and foreset laminae (coarse-grained; henceforth called matrix). These models were chosen in such a way that from left to right (Fig 1) , the complexity of the architecture progressively increases. Model 5 depicts ripple drift cross lamination; Model 19 shows reverse asymmetrical bedforms; Model 42 depicts along drift migrating sinuosities; Model 63 depicts cross ripples due to reversal in migration direction. Images from outcrops of these depositions and the 3D binary gridded representations are shown in Fig 1. A library of 54 different lithologies with defined grain size and sorting is used to assign the matrix and lamina grid cell values in the depositional models. These materials (Fig. 2 , upper left) range from extremely well sorted uppercoarse sand to very poorly sorted upper-coarse silt. The rows in top left in Fig. 2 have fixed standard deviations (sorting; So) of grain size while the columns have fixed median grain size values (mm). More homogeneous media have better sorting and narrower grain size distributions (pore throat distribution) with the degree of heterogeneity increasing as the sorting becomes worse and the grain size distribution range widens. These lithologies are characteristic of a wide range of depositional processes and environments. These grain size assignments can consequently be used to derive various petrophysical parameters. Our parameter of interest is threshold capillary pressure, Pth, also defined as displacement or entry pressure, a key factor controlling the migration pathway of CO2, especially when flow occurs in the capillary limit [3] . The capillary pressure is calculated using an empirical formula [17] :
Where Pth is the capillary entry pressure in kPa, 16.3 is the geometric constant, IFT is the interfacial tension of CO2-brine system in N/m (30mM/m) and D is the grain diameter in mm.
To consider a wide range of clastic rock/facies types, we create 40 different grain size distribution pairings which are then assigned to the matric and lamina in the models (Fig 2) . For all pairings the only ground rule followed is that the matrix grain sizes (foreset lamina) are always coarser than that of the laminae (bottomset lamina).Each of the lithologies shown in the library (Fig 2) has grain sizes that are lognormally distribution, defined by the grain size median and sorting. We obtain log-normally distributed Pth values corresponding to each lithology, which are then assigned to the matrix and lamina cells. Thus the model on the whole has a bimodal distribution of Pth. In reservoir characterization, geological heterogeneity is generally measured by coefficients of variation that consider the central tendency of the property of interest (e.g. Pth) across the medium. The bimodality of Pth distribution, however, represents a key controlling parameter in this study and needs to be reflected in coefficients that are used to predict capillary trapping capacity. To characterize the textural contrast between matrix and laminae for each modeling scenario, we introduce the dimensionless parameter, δ: (2) Where μ1 and σ1 are the mean and standard deviation of Pth PDF assigned to the matrix and μ2 is the mean of Pth PDF assigned to the laminae.
Simulation
We base our numerical model on the assumption that, during post-injection, pressure gradients have dissipated and the migration of CO2 is mainly controlled by 1) the density difference between the two phases and 2) the spatial arrangement of facies with contrasting Pth within the reservoir. The scenario being emulated in our simulations is one where, after injecting large volumes of CO2, a continuous phase high saturation CO2 plume beneath a low permeability barrier is beginning to migrate upwards.
The models described above are highly resolved with 400*495*142 grid blocks in the X, Y and Z directions respectively with each grid block being 2 mm*2 mm*2 mm in size. Thus the total model dimension is roughly 0.8m*1m*0.3m with 28 million cells. Prior to conducting the IP simulations we determine the REV (Representative Elementary Volume) and use the REV scale models as the flow domain. This allows for direct comparison of models of different complexity. REV is defined as the scale at which the parameter of interest is both homogeneous and statistically stationary (Bear 1972). We modify the method adopted by Nordahl and Ringrose (2008) [18] to determine the REV. We determine the Cv (coefficient of variation given by standard deviation/mean) of the entire capillary entry pressure field for different domain sizes. We then plot the Cv as a function of the domain volume and we select the volume where there is no variability in the Cv (stationarity condition). As shown in Fig 3, as per this method we arrive upon 0.2m*0.2m*0.2m as the REV scale. A commercial IP simulator (Permedia© by Landmark, Halliburton) is used for conducting Invasion Percolation based flow simulations. Permedia is based on Macroscopic IP and uses a modified form of invasion percolation that accounts for gravity forces and fragmentation (snap off). The simulator uses the capillary entry pressure field (generated as described in the previous section) and the fluid pair density difference (300 kg/m3) and interfacial tension (30 mM/m) as the input. To recreate an infinite source of CO2 at the bottom of the REV, we apply an injection volume 6x larger than the pore volume (1.65 cm 3 ). Percolation occurs when the threshold pressure of the volume of rock (consisting of a network of pores) is exceeded by the capillary pressure of the stringer.
The stochastic nature of geological heterogeneity requires IP simulations to be carried out across a range of Pth fields for each textural contrast scenario. The highly efficient and fast computational schemes implemented by Permedia allows doing so by randomly sampling the lognormal Pth distribution and creating 200 equiprobable Pth realizations. This methodology permits a quick assessment of the average storage capacity at the REV scale from the knowledge of textural contrast between matrix and laminae facies. Additionally, the uncertainty of model predictions can be quantified by evaluating the standard deviation of simulation results.
Results
Capitalizing on the fast and efficient numerical framework of IP, a large sample space is explored (different possible clastic sedimentary architectures and rock lithologies) by running numerous realizations to get statistically constrained results. Using this systematic approach, we assessed the hypothesis that the fraction of rock invaded by CO2 at percolation is correlated with the Pth contrast between matrix and laminae and with the geometry of the sedimentary model. The contrast is defined by the parameter introduced in equation 11, which is calculated for the 40 cases mentioned earlier. We believe that this approach can lead to more accurate predictive estimates of storage capacity and storage efficiency in sedimentary formations compared to other estimation methods based on static assumptions. Fig. 5 shows the correlation between percentage of model invaded by the plume (no of cells invaded at percolation normalized by total no of cells) and the parameter δ, plotted against the average model saturation predicted by equation 14.
The nonlinearity of the correlation is well captured by the 4-parameter regression model that constrain the minimum and maximum asymptotes with coefficients A and D, respectively. While coefficient A has no role in differentiating the eight BAMs, the maximum average model saturation represented by coefficient D shows higher variability and a strong dependence on the depositional architecture of the geological model. Overall, the predictions of the non-linear parametric model indicate a satisfactory fit with the average number of cells invaded by the plume calculated from 200 realizations for each matrix laminae case, leading to coefficients of determination between 0.92 and 0.97.
Conclusions
In this work, a reduced physics modeling techniques is used to predict trapped fluid saturations resulting from buoyant flow of CO2 in heterogeneous clastic materials. Simulation results show that the contrast in average grain size between matrix and laminae (overall degree of lithologic heterogeneity) can have a profound influence on CO2 saturation. The range of saturation from a homogenous sand (low matrix-laminae Pth contrast; δ < 3) to a similar architecture but with large contrast (δ > 20) could be as much as 30 or 40%. Sedimentary descriptors such as grain size and bedform architecture can be related to depositional environments, which are typically inferred from well log (Gamma, SP) motifs in the subsurface. The presented work is an effort to understand the influence of bedform-scale (cm-to-m) heterogeneity on CO2 saturation in geological reservoirs experiencing buoyant fluid flow. These saturation results have significant implications for CO2 storage capacity assessment during CCS.
